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Introduction

With the rare exceptions of selenocysteine[1,2] and pyrroly-
sine,[3,4] proteins from all known organisms are made from 20
amino acid building blocks. The limited number of proteino-
genic amino acids stands in contrast to the much larger reper-
toire of unnatural amino acids (UAAs) that have been shown
to exhibit translational activity.[5] Introduction of UAAs into pro-
teins creates new opportunities for protein structural and func-
tional studies, for protein engineering, and for protein thera-
peutic development. With the unique properties of UAAs, pro-
teins can be designed with increased thermal stability,[6–8] de-
sired biophysical properties, and novel functions.[9–13] In addi-
tion, proteins can be modified site-specifically at the unique
functional groups on UAAs to generate protein conjugates
with enhanced therapeutic efficacies or improved pharmacoki-
netic profiles.[14,15]

Several different strategies have been developed to intro-
duce UAAs into recombinant proteins in both prokaryotic and
eukaryotic expression systems.[16–23] UAAs can be incorporated
either “residue-specifically”, by replacing all copies of a particu-
lar amino acid in the protein sequence, or “site-specifically” at
programmed position(s). The site-specific method requires in-
troduction into the expression host of a modified aminoacyl-
tRNA synthetase and cognate tRNA. In contrast, the residue-
specific method exploits the promiscuity of the aminoacyl-
tRNA synthetases (wild type or mutant) toward certain UAAs
that are structurally similar to the natural amino acids. The resi-
due-specific method has been used to incorporate several Met
analogues, including l-azidohomoalanine (AHA) and l-homo-
propargylglycine (HPG; Scheme 1), into recombinant proteins,
replacing Met at both N-terminal and internal sites.[24–27] The
ACHTUNGTRENNUNGreactive side chains of AHA or HPG enable specific chemical
modification of recombinant proteins without interference
from reactions with any of the natural amino acids.[25,28–30] The

simplicity of the residue-specific method and its high protein
yield, make it an attractive approach for many protein engi-
neering needs.
Whenever the Met-substitution method is used, the N-termi-

nal Met will be replaced with the analogue. This may or may
not be desired depending on the protein and the preferred
site(s) of modification. Therefore, it is important to define
whether the rules for N-terminal methionine excision apply to
UAAs. It is known that in prokaryotes, protein translation gen-
erally initiates with N-formylmethionine (f-Met). The f-Met on
the nascent polypeptide is post-translationally deformylated by
peptide deformylase.[31,32] Furthermore, in more than half of
the E. coli proteins, the N-terminal Met is subsequently re-
moved by methionine aminopeptidase (MetAP).[33,34] It is well
established that the specificity of MetAP depends primarily on
the identity of the second or penultimate residue of the pro-
tein in E. coli.[34–37] While the presence of UAAs at the N termi-
nus of recombinant proteins has been observed,[27,38] a system-
atic study on the processing of UAAs at the N terminus has
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Incorporation of unnatural amino acids into recombinant pro-
teins represents a powerful tool for protein engineering and pro-
tein therapeutic development. While the processing of the N-ter-
minal methionine (Met) residues in proteins is well studied, the
processing of unnatural amino acids used for replacing the N-ter-
minal Met remains largely unknown. Here we report the effects
of the penultimate residue (the residue after the initiator Met) on
the processing of two unnatural amino acids, l-azidohomoala-
nine (AHA) and l-homopropargylglycine (HPG), at the N terminus

of recombinant human interferon-b in E. coli. We have identified
specific amino acids at the penultimate position that can be
used to efficiently retain or remove N-terminal AHA or HPG. Re-
tention of N-terminal AHA or HPG can be achieved by choosing
amino acids with large side chains (such as Gln, Glu, and His) at
the penultimate position, while Ala can be selected for the re-
moval of N-terminal AHA or HPG. Incomplete processing of N-ter-
minal AHA and HPG (in terms of both deformylation and cleav-
age) was observed with Gly or Ser at the penultimate position.
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not been reported. Using a modified human interferon-b
(IFNb) protein, we have identified specific amino acids that,
when present at the penultimate site, enable controlled reten-
tion or removal of N-terminal AHA or HPG.

Results and Discussion

Gene construction and recombinant protein expression with
AHA or HPG

A synthetic gene with optimal E. coli codon usage was synthe-
sized by using PCR with overlapping oligonucleotides. The syn-
thetic gene encodes a modified human IFNb (~20 kDa) with
only one Met codon, which is located at the N terminus. Differ-
ent penultimate residues were introduced to the protein by
site-directed mutagenesis (Table 1). This system provided a
tool to study the effect of the penultimate residue on the
processing of the Met surrogate, AHA or HPG, at the N termi-
nus. The synthetic gene was cloned into the pQE30 expression

vector under control of the inducible promoter T5-lac-lac.
Upon addition of IPTG in AHA- or HPG-supplemented media in
a Met auxotrophic E. coli strain, abundant IFNb was induced.
Figure 1 shows a typical expression profile of IFNb-2E with
AHA or HPG, along with control samples expressed in media

with and without Met. Recombinant protein was expressed to
the same level with AHA or HPG as with Met; background
ACHTUNGTRENNUNGexpression (in the absence of Met) was very low, and basal
ACHTUNGTRENNUNGexpression (prior to induction) was absent. Similar expression
profiles were observed for all IFNb variants listed in Table 1,
whether they were expressed with AHA or with HPG. Our re-
sults agree well with previous observations that AHA and HPG
support high protein expression yields and can be incorporat-
ed efficiently into recombinant proteins.[25,39, 40]

MALDI-MS analysis for penultimate residues that favor
ACHTUNGTRENNUNGretention of N-terminal AHA or HPG

MetAP catalyzes the removal of N-terminal Met from cellular
proteins. However, not all proteins are susceptible to this

Scheme 1. Chemical structures of Met (1), HPG (2), AHA (3), and DAB (4).

Table 1. N-terminal oligonucleotide and peptide sequences, and calculated MW for the N-terminal peptides. The penultimate amino acids and correspond-
ing codons are highlighted.

Name N-terminal oligonucleotide peptide calculated peptide MW [Da]
sequence sequence X=Met X=AHA X=HPG X cleaved

IFNb-2A atggcgtataatctgttaggctttctgcaacgt XAYNLLGFLQR 1324.70 1319.62 1302.63 1193.66
IFNb-2S atgagctataatctgttaggctttctgcaacgt XSYNLLGFLQR 1340.69 1335.61 1318.62 1209.65
IFNb-2G atgggctataatctgttaggctttctgcaacgt XGYNLLGFLQR 1310.68 1305.60 1288.61 1179.64
IFNb-2H atgcactataatctgttaggctttctgcaacgt XHYNLLGFLQR 1390.72 1385.64 1368.65 1259.68
IFNb-2Q atgcagtataatctgttaggctttctgcaacgt XQYNLLGFLQR 1381.72 1376.64 1359.65 1250.68
IFNb-2E atggagtataatctgttaggctttctgcaacgt XEYNLLGFLQR 1382.70 1377.62 1360.63 1251.66

Figure 1. SDS-PAGE (4–20%) of recombinant IFNb-2E expression profile.
E. coli cell lysates prior to induction (t0), and 2 h post-IPTG induction in Met-
free medium supplemented with AHA, HPG, Met or no Met or analogue,
were analyzed and protein bands were visualized by Coomassie blue stain-
ing. The protein markers in lanes 1 and 7 are 250, 150, 100, 75, 50, 37, 25,
20, 15, and 10 kDa. The induced IFNb protein band is indicated by the
arrow.
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cleavage. While the antepenultimate (third) residue
might also influence N-terminal residue excision, the
substrate specificity of MetAP is primarily determined
by the side-chain length of the penultimate residue
in a given protein.[34–37] Proteins with small penulti-
mate residues are preferred substrates for MetAP. The
extent of cleavage by MetAP decreases as the size of
the penultimate residue increases. Nine amino acids
with large side chains (namely Gln, His, Glu, Phe, Lys,
Tyr, Trp, Arg, and Met) have been reported to render
proteins completely resistant to processing by
MetAP.[35,36] When these residues occupy the penulti-
mate position, the N-terminal Met remains on the
protein. The observed substrate specificity of MetAP
led to the hypothesis that the substrate-binding
pocket in MetAP has two sites: one site specific for
N-terminal Met, and another site with limited space
to accommodate the penultimate residue.[36] This
substrate binding model is supported by crystallo-
graphic structure studies of E. coli MetAP and its sub-
strate-like inhibitor complex,[41,42] and by mutagenesis
studies in which engineered MetAP enzymes with en-
larged substrate binding pockets were able to
remove N-terminal Met from proteins with bulky
pen ACHTUNGTRENNUNGulti ACHTUNGTRENNUNGmate residues.[35]

Based on these studies, we speculated that the
nine large amino acids would also protect N-terminal UAAs
from cleavage by MetAP. To test our hypothesis, we generated
three proteins (IFNb-2Q, IFNb-2E, and IFNb-2H) with Gln, Glu,
and His as the penultimate residues, respectively. The antepe-
nultimate residue Tyr in IFNb was kept the same and the ef-
fects of the antepenultimate residue were not investigated in
the current study. Each protein was expressed with AHA or
HPG, separated by SDS-PAGE, digested by trypsin, and ana-
lyzed by MALDI-MS. MALDI-MS analysis was used to verify the
integrity of these two UAAs in the recombinant proteins, and
to examine the potential processing of these two UAAs as the
N-terminal residue in E. coli, including deformylation by pep-
tide deformylase and cleavage by MetAP. As controls, each
protein was also expressed with Met and analyzed by MALDI-
MS, and the results demonstrated complete retention of N-ter-
minal Met, as expected (data not shown).
MALDI-MS analysis of all three proteins expressed with AHA

or HPG showed that N-terminal AHA and HPG are effectively
retained. Figure 2 shows MALDI-MS spectra of IFNb-2Q as an
example. It should be mentioned that of all the tryptic pep-
tides, the N-terminal peptide was the most efficiently ionized;
furthermore, the identities of the major peaks were confirmed
by MS/MS analysis. When IFNb-2Q was expressed with HPG,
the most abundant ion ([M+H]+ m/z 1360.7) was identified as
the intact HPG-containing peptide (Table 1). This result indi-
cates that HPG was incorporated efficiently into the recombi-
nant protein, and remained stable in vivo. Virtually no cleaved
peptide was detected at the expected [M+H]+ m/z of 1251.7.
Low abundance ions from Met-containing peptides (Met

and oxidized-Met) were also detected by MALDI-MS, and
agreed well with the low background expression observed in

Met-free medium (Figure 1). The small amounts of Met-con-
taining species might result from incomplete depletion of Met
from the induction media, from the intracellular pool of amino
acids, and/or from turnover of endogenous E. coli proteins
during induction. Retention of Met in these low-abundance
peptides is fully expected, as the penultimate Gln residue in-
hibits cleavage by MetAP.
A small amount of the N-terminal formylated HPG (f-HPG)

peptide was detected at [M+H]+ m/z 1388.7, as compared to
the large peak of deformylated HPG peptide at 1360.7. Appa-
rently, deformylation of N-terminal f-HPG by E. coli peptide de-
formylase is efficient, yet incomplete. The incomplete deformy-
lation observed here might not be unique to HPG or other
UAAs, as it has also been observed for recombinant proteins
expressed at high levels in the absence of UAAs.[43,44] Increas-
ing peptide deformylase activity in the expression host has
been shown to yield completely deformylated recombinant
proteins.[43,44] This strategy could also find application for engi-
neered proteins with UAAs if complete deformylation is re-
quired.
Similar results were obtained for IFNb-2Q expressed with

AHA (Figure 2). The only difference (as compared to HPG) was
the appearance of a new peak at [M+H]+ m/z 1351.7, which
was identified as the peptide that bore N-terminal 2,4-diamino-
butyric acid (DAB, Scheme 1). The occurrence of DAB signals in
MALDI-MS analysis of AHA-containing peptides had been ob-
served previously.[25] Since azides are known to be photosensi-
tive,[45,46] we believe that the observed DAB signal is the reduc-
tion product of AHA due to laser irradiation of the MALDI-MS
analysis. This interpretation is supported by the lack of a DAB
peak in N-terminal sequence (NTS) analysis of AHA-peptide,[25]

Figure 2. MALDI mass spectra of the tryptic peptides for IFNb-2Q expressed with HPG
and AHA (Table 1). The N-terminal peptide variants are labeled, and the m/z values of
the protonated molecules are in parentheses. The signal at 1239.5 is assigned to an inter-
nal IFNb peptide.
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and by our own NTS analysis discussed later. The re-
tention of AHA and HPG at the N terminus of IFNb

also correlated well with previous observations in
which other UAAs were found to replace Met at the
N terminus of proteins.[27,38]

The presence of HPG and AHA at the N terminus
of IFNb implies that not only can these UAAs be
charged to the initiator tRNAfMet by the catalytic pro-
miscuity of the methionyl-tRNA synthetase, but also
the charged UAA-tRNAfMet molecules can be further
formylated by the methionyl-tRNAfMet formyltransfer-
ase (MTF) and recognized by the initiation factor to
start translation in E. coli. The formylation of UAA-
tRNAfMet by MTF is not surprising since the substrate
specificity of MTF is primarily determined by a set of
nucleotides in the tRNAfMet molecule.[47–49] Post-trans-
lationally, the formylated UAA at the N terminus of
nascent polypeptide can be deformylated by the peptide de-
formylase, as shown in Figure 2. Deformylated UAA at the
N terminus can be further
cleaved by MetAP if an appropri-
ate penultimate residue is pres-
ent, as demonstrated in the next
section.

MALDI-MS analysis for penulti-
mate residues that favor
removal of N-terminal AHA or
HPG

The two smallest amino acids,
Ala and Gly, have been reported
to be the most efficient penulti-
mate residues for N-terminal
cleavage of recombinant pro-
teins by MetAP; Pro, Ser, Thr,
and Val were reported to be
slightly less efficient.[35] However,
proteomic studies of 223 unique
genes in E. coli indicated that all
N-terminal Met residues are
cleaved when the penultimate
residue is either Ser or Ala; N-
terminal Met was cleaved to var-
iable extents when the penulti-
mate residue was Gly, Thr, or
Pro.[33] Based on these results,
we selected three candidates,
Ala, Ser, and Gly, for controlled
removal of N-terminal AHA and
HPG. With any of these three
amino acids at the penultimate
position, the N-terminal Met was
efficiently removed in IFNb ex-
pressed with Met (Figure 3
shows an example). The MALDI-
MS spectra for the three proteins

(IFNb-2A, IFNb-2S, and IFNb-2G) expressed with HPG are
shown in Figure 4.

Figure 3. MALDI mass spectra of the tryptic peptides for IFNb-2G expressed with Met
(Table 1). The N-terminal peptide variants are labeled, and the m/z values of the proton-
ated molecules are in parentheses. The signal at 1239.6 is assigned to an internal IFNb

peptide.

Figure 4. MALDI mass spectra of the tryptic peptides for IFNb-2A, IFNb-2S, and IFNb-2G proteins expressed with
HPG (Table 1). The N-terminal peptide variants are labeled, and the m/z values of the protonated molecules are in
parentheses. The signal at 1239.5 is assigned to an internal IFNb peptide.
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For IFNb-2A, the most abundant ion ([M+H]+ m/z 1194.7)
was identified by MS/MS as the cleaved peptide. In compari-
son, much weaker signals were observed for the unprocessed
N-terminal peptides that contained either HPG ([M+H]+ m/z
1303.6) or N-formylated HPG ([M+H]+ m/z 1331.6). Penulti-
mate Ala enabled the almost complete remov ACHTUNGTRENNUNGal of N-terminal
HPG.
For IFNb-2S, the cleaved N-terminal peptide produced the

most abundant ion ([M+H]+ m/z 1210.6). However, larger
amounts of partially processed or unprocessed N-terminal pep-
tides containing HPG ([M+H]+ m/z 1319.6) or N-formylated
HPG ([M+H]+ m/z 1347.6) were detected for IFNb-2S as com-
pared to IFNb-2A. Ser was less permissive than Ala with re-
spect to processing of the N-terminal HPG.
The most surprising result was observed for IFNb-2G. With

Gly in the penultimate position, the signal intensities of the N-
terminal peptides declined in the order : N-formylated HPG
peptide>HPG peptide>cleaved peptide. IFNb-2G expressed
with HPG was very inefficiently processed in E. coli ; this left a
major portion of the protein in formylated and uncleaved
forms. In comparison, analysis of IFNb-2G expressed with Met
showed that N-terminal Met was efficiently deformylated and
cleaved as expected (Figure 3). Gly, being the smallest amino
acid, supposedly fits into the MetAP substrate-binding pocket.
With Gly at the penultimate position, complete cleavage of the
N-terminal Met has been observed.[35,36] However, Gly does not
always act as a good penultimate residue for MetAP cleav-
age.[33,34] For example, Met-Gly-Met was reported to be cleaved
nearly four-times less efficiently by MetAP as compared to
Met-Ala-Met.[34] The activity of MetAP, therefore, might be af-
fected by other factors in addition to the side-chain length of
the penultimate residue.[34,35] Our results show that Gly in the
second position in IFNb does not provide a good substrate for
processing N-terminal HPG by either peptide deformylase or
MetAP.
Based on our results with amino acids that favor retention

of N-terminal AHA or HPG (Figure 2), we believe that small
amounts of Met-containing species were produced during ex-
pression of IFNb-2G, -2S, and -2A with HPG (or AHA). However,
because N-terminal Met was cleaved efficiently by MetAP in
these proteins, Met-containing species were not detected by
MALDI-MS (Figure 4). Since the cleaved N-terminal peptide
mass is the same for Met-peptide and UAA-peptide (Table 1),
the cleaved peptide signal was composed of both sources.
Thus, the percentage of cleavage of the N-terminal UAA might
be over estimated by the small amount of Met incorporated
into IFNb.
Similar results were obtained for these three proteins ex-

pressed with AHA. That is, Ala was the most favorable penulti-
mate residue with respect to promotion of deformylation and
removal of N-terminal AHA (approaching 100% cleavage). With
Ser or Gly at the penultimate position, incomplete processing
was observed (Figure S1 in the Supporting Information). It ap-
pears that replacing Met with AHA or HPG at the N terminus
decreases the activity of both the deformylase and MetAP to
some extent, and the rules for processing N-terminal AHA or
HPG deviate from what have been observed for the N-terminal

Met. Specifically, whereas Ala is still a good substrate for defor-
mylation and removal of N-terminal AHA or HPG in IFNb, Gly is
not. With Ser at the penultimate position, inefficient deformyla-
tion for fAHA-IFNb and incomplete cleavage of N-terminal AHA
and HPG were also observed.

N-terminal sequence (NTS) analysis

In addition to MALDI-MS, all recombinant proteins expressed
with AHA or HPG were also analyzed by NTS. NTS analysis
avoids the potential problems associated with variable ioniza-
tion efficiencies of peptides in MALDI-MS experiments, and
provides quantitative results on cleavage. However, NTS by
Edman degradation alone is not sufficient to study the post-
translational processing of proteins since it cannot detect pro-
teins with N-terminal modifications, such as N-formylation or
N-acetylation. Therefore, both analytical methods were used in
the present studies.
Free AHA, DAB, and HPG were subjected to NTS analysis to

establish their respective elution times in HPLC, and to exam-
ine their stability under NTS conditions. Under the experimen-
tal conditions used here, all three compounds separated well
from other natural amino acids and from each other. The N-ter-
minal protein sequences derived from NTS analysis correlated
well with MALDI-MS data for all protein variants. The percent-
age of cleaved peptide was calculated based on the quantita-
tion of cleaved peptide and the corresponding unprocessed
peptide, and the results are summarized in Table 2.

As shown in Table 2, N-terminal HPG and AHA are efficiently
retained when Glu, Gln, and His occupy the penultimate posi-
tion, although a small amount (~8%) of cleaved peptide was
detected for IFNb-2H with AHA. When the penultimate residue
was Gly, 30–50% of cleaved peptides were observed. The
actual percentage of cleavage was lower since the abundant f-
HPG peptide detected by MS (Figure 4) was not detected in
the NTS and thus not accounted for. When the penultimate
residue was Ser, 80% of cleaved peptide was observed. When
Ala resided at the penultimate position, the cleavage efficiency
reached 90–100%. These results correlated extremely well with
the MALDI-MS profiles. In fact, there are no significant differen-
ces between the percentages of cleavage based on MALDI-MS
peak areas and those calculated from NTS.

Table 2. Percentage of N-terminal processed proteins based on NTS anal-
ysis. Based on repeated analysis for a few selected IFNb, the standard
ACHTUNGTRENNUNGdeviation is approximately 5% for the assay.

Name % cleaved product
with AHA with HPG

IFNb-2A 96 91
IFNb-2S 80 80
IFNb-2G 52 33
IFNb-2H 8 0
IFNb-2Q 0 0
IFNb-2E 0 0
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For NTS analysis of proteins expressed with AHA, the first se-
quencing cycle was further characterized by converting the
AHA peak area to its molar amount. This was achieved by ana-
lyzing a control synthetic AHA-containing peptide (X-SYNLLG,
X=AHA) under the same conditions used for NTS analysis of
test proteins. A correlation factor (ratio of AHA pmol to its
peak area) was generated based on the synthetic peptide, and
was used to calculate pmol of AHA detected in the test pro-
teins (IFNb-2E or IFNb-2Q expressed with AHA). Such analysis
showed that AHA occupies 85–100% of the first residue in
these two proteins. The combined amounts of AHA and Met at
the first cycle fully accounted for the total protein detected in
subsequent cycles. Therefore, the DAB signal observed in the
MALDI-MS is likely an artifact due to decomposition of AHA by
laser irradiation.

Conclusions

Our results show that the processing of N-terminal AHA or
HPG can be controlled by choosing an appropriate penulti-
mate residue. We confirm previous observations that both
AHA and HPG can be efficiently incorporated into recombinant
proteins. These compounds act as efficient substrates for me-
thionyl-tRNA synthetase, and yield expression levels equivalent
to those obtained with Met. Of the three amino acids (Ala, Gly,
and Ser) that favor removal of N-terminal Met, Ala is most effi-
cient (90–100%) for promoting the removal of N-terminal AHA
or HPG. Gly is not a good choice to remove N-terminal UAAs.
On the other hand, it is likely that all penultimate residues that
confer resistance to MetAP cleavage of N-terminal Met will also
enable retention of N-terminal AHA or HPG, as demonstrated
in this study for His, Gln, and Glu. Manipulating the expression
level or substrate binding site of MetAP could provide other
strategies for controlled processing of N-terminal UAAs. Based
on this study, we were able to generate a modified human
IFNb that retains N-terminal AHA or HPG for further manipula-
tion.

Experimental Section

Plasmid construction : An E. coli codon-optimized synthetic gene
encoding a 20 kDa modified human IFNb with only one Met codon
(at the N terminus) was amplified by PCR by using overlapping oli-
gonucleotides (Operon). The synthetic gene was cloned into the
pQE30 expression vector (Qiagen) under control of a T5-lac-lac pro-
moter/regulator by using standard methods. Different penultimate
residues were introduced into IFNb by site-directed mutagenesis.
The oligonucleotide sequences encoding the corresponding N-ter-
minal tryptic peptides are listed in Table 1. The sequences of all
cloned genes were confirmed by DNA sequencing.

Incorporation of AHA or HPG into recombinant protein : The
pQE30 expression vector containing the synthetic IFNb gene was
transformed into Met auxotrophic E. coli strain M15MA[39] with
helper plasmid pREP4 (Qiagen). Dual antibiotics (100 mgL�1 carbe-
nicillin and 50 mgL�1 kanamycin) were used in all culture media
for selection of both pQE30 and pREP4 plasmids. A single colony
was used to inoculate Luria–Bertani (LB) broth for overnight
growth at 37 8C. The overnight culture was diluted 50-fold the next

morning into fresh LB media, and cells were allowed to grow at
37 8C until the OD600 reached approximately 1. The culture was
centrifuged to remove LB media. Cells were resuspended in M9
minimal media and grown at 37 8C for 30 min. Cells were centri-
fuged again, and then resuspended in M9 minimal media supple-
mented with all 19 amino acids except Met (Arg, His, and Trp:
15 mgL�1; Ile, Lys, and Tyr: 23 mgL�1; Phe: 38 mgL�1; Leu:
75 mgL�1; Thr: 150 mgL�1; Val : 113 mgL�1; all others: 19 mgL�1).
The cell culture was further supplemented with AHA or HPG
(50 mgL�1; Medchem, WA, USA). Parallel cultures with and without
Met (25 mgL�1) were included as controls. A final concentration of
1 mm IPTG was added to induce recombinant protein expression,
and cells were harvested 2 h postinduction.

Analysis of recombinant proteins by matrix assisted laser de-
sorption/ionization mass spectrometry (MALDI-MS): Recombi-
nant IFNb was separated from most of the endogenous E. coli pro-
teins by SDS-PAGE (4–20%) under reducing conditions. The IFNb

band visualized by Coomassie blue stain or SureBlue Safestain (In-
vitrogen) was cut out from the gel and subjected to overnight
trypsin digestion at 37 8C after destaining and modification with io-
doacetamide. The sample was completely dried, and redissolved in
trifluoroacetic acid (TFA; 0.1%) containing acetonitrile (2%). The
sample was desalted by using wall-coated C18 micropipette tips
(New Objective, Woburn, MA, USA), and eluted with acetonitrile
(60%) with 0.1% TFA (10–20 mL). The eluted sample was mixed
with an equal volume of a-cyano-4-hydroxycinnamic acid
(10 mgmL�1) in acetonitrile (70%) containing TFA (0.1%) and am-
monium dihydrogen phosphate (5 mm ; Aldrich). An aliquot (1 mL)
was then spotted on an Opti-TOF 96-well insert (Applied Biosys-
tems, Framingham, MA, USA) and analyzed by using a 4800 MALDI
TOF/TOF analyzer (Applied Biosystems) that was calibrated for a
mass range of 900 to 4000 Da with “4700 calibration mix” (Applied
Biosystems). For MS data acquisition, 100 laser shots were fired at
each of 20 different random locations on the sample spot (total of
2000 laser shots per sample). For tandem mass spectrometry (MS/
MS) data acquisition, up to 3000 laser shots were accumulated per
precursor ion. The N-terminal peptide assignments were confirmed
by the presence of anticipated fragment ions in their respective
tandem mass spectra.

Analysis of recombinant proteins by N-terminal sequencing
(NTS): Recombinant IFNb was expressed as inclusion bodies in
E. coli and purified by detergent washes of cell pellets or by organ-
ic extraction and acid precipitation.[50] The IFNb protein was further
separated from contaminating E. coli proteins with SDS-PAGE (4–
20%). After being transferred to a PVDF membrane, the IFNb band
was cut out and analyzed with five cycles of Edman degradation
on an Applied Biosystems protein sequencer equipped with an on-
line HPLC system (Keck Laboratory, Yale University). Routinely, phe-
nylthiohydantoin (PTH) standards (1.0 pmol) were used for calibra-
tion. In addition, the S4 solvent that transfers the PTH derivatives
to HPLC contained PTH-norvaline, which acts as an internal cali-
brant to independently monitor transfer to the HPLC. Free amino
acid analogues (HPG, AHA, and diaminobutyric acid (DAB)) were
subjected to NTS analysis to establish their elution times and sta-
bility under sequencing conditions. A synthetic peptide containing
AHA at the N terminus (X-SYNLLG, where X is AHA, designated
AHA-SYNLLG, custom synthesized by Medchem, Federal Way, WA,
USA) was used as a standard to convert the AHA peak area to its
molar amount. The percentage of cleaved product was calculated
by dividing the amount of protein initiated at the second position
by the sum of the amounts of protein initiated at both the first
and second positions, as described by Liao et al.[35]
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